Field experiments were conducted at two locations in Manitoba, Canada, to determine the effect of crop rotation, phosphorus (P) fertilization and tillage on grain yield and grain concentrations of Cd and Zn in durum wheat (Triticum durum L.). Compared to conventional tillage (CT), reduced tillage (RT) management decreased grain Cd and increased grain yield and grain Zn in half of the site-years. The type of preceding crops of spring wheat-flax or canola-flax had little influence. Rate and timing of P application had little effect on grain Cd, but increasing P rate tended to decrease grain Zn. No interactive effect was detected among tested factors. Grain Zn was not related to grain Cd, but positively to other nutrients such as Fe, Mn, P, Ca, K, and Mg. Both grain Zn and Fe correlated positively with grain protein content, suggesting protein may represent a sink for micronutrients. The study suggested that the tillage management may have beneficial effects on both grain yield and quality. Phosphorus fertilizer can remain available for subsequent crops and high annual inputs in the crop sequence may decrease crop grain Zn. Understanding the environment is important in determining the impact of agricultural management on agronomic and nutrient traits.
Introduction
Cadmium (Cd) accumulation in soils and cereal crops and its transfer to the human diet is a widespread problem around the world. Durum wheat (Triticum durum L.) is of particular concern because it accumulates more Cd than the other commonly grown cereals with accumulation increasing in the order of rye < barley < oats < bread wheat < durum wheat [1] . Cadmium concentration in durum wheat grain harvested on Canadian prairies have been reported to range from less than 50 to more than 300 µg kg −1 [2] , at times exceeding the 200 µg kg −1 limit set by the Codex Alimentarius Commission [3] . In addition, approximately 2.1 × 10 6 ha durum wheat, which occupies 10% of worldwide durum production area, is grown in the western Prairie region of Canada [4] . Therefore, there is a desire in the Canadian farming industry to control the Cd levels in the durum grain, either by improved agricultural management practices [5] or by breeding low Cd-accumulating cultivars [6, 7] .
Accumulation of metal elements in crop grains can be regulated by several physiological processes, including uptake from the soil solution, root-to-shoot translocation, and retranslocation into the grain during maturation. Zinc (Zn) and Cd are chemically similar and can compete for common transport mechanisms for uptake and translocation in the crop [5] . In contrast to Cd, Zn concentrations in grains of cereal crops such as wheat are often lower than desired level as sources of minerals for the human diet [8] . High consumption of cereal-based foods with low Zn concentration can result in Zn malnutrition in human. On the Canadian prairies, Zn concentration in wheat grain generally ranges between 20 and 30 mg kg −1 [9] . These concentrations are not adequate for human nutrition in diets with wheat constituting the main source of essential minerals [8] . Therefore, it is desirable to increase the Zn concentration in wheat grain to reduce the risk of Zn deficiency in the human diet.
Phosphorus fertilizer is a major input for crop production. The fertilizer efficiency, however, is often quite low during the season of application because of the low mobility and rapid immobilization of phosphate after being applied to the soil. Application of P fertilizer can influence soil Cd availability and Cd accumulation in crops, either by direct addition of Cd as a contaminant in P fertilizers, or by indirect impact on soil properties, plant nutrition, and plant growth [5, 10] . For example, application of high-Cd P fertilizers led to increases in soil and plant Cd in many long-term field studies [11] [12] [13] . Phosphorus fertilizer is also frequently reported to reduce Zn concentration in crops and potential mechanisms include interactions between Zn and P in the soil [14] , less translocation of Zn from the roots to the shoots [15] , metabolic disorder within plant cells [16] , and dilution effect [17] . In a short-term growth chamber study [18] , the immediate increase of Cd accumulation in durum wheat following phosphate application was mostly due to increased Cd uptake and translocation by decreasing Zn accumulation in durum wheat induced by P fertilization, rather than to a direct addition effect. Similar results were also reported in other studies [19, 20] , where using reagentgrade phosphate increased Cd concentration, but decreased Zn concentration of durum wheat. Though these studies showed the long-term or short-term effect of P fertilization on phytoavailability of Cd and Zn in soil-plant system, there is little information available on the effect of the residual P from P fertilizer that was applied to preceding crops.
On the Canadian prairies, rotation of wheat with oilseeds or pulse crops is widely adopted and has been reported to increase grain yield and quality of subsequent crops through reduced disease incidence, improved water use efficiency, soil physical and chemical properties, and enhanced soil ecological environments [21] [22] [23] . Several studies have addressed the impact of crop rotation on Cd concentration in crops. Oliver et al. [24] reported a greater Cd concentration in spring wheat grown after lupin than after cereal and proposed the effect was due to increased Cd availability by rhizosphere acidification and root release of citric acid in lupin. In a 3-year field trial in Manitoba,Canada, seed Cd concentration in flax was lower when grown after bread wheat (Triticum aestivum L.) than after canola (Brassica napus L.), which was attributed to an increase in mycorrhizal colonization or to the lower Cd concentration in the decomposing wheat residue relative to canola residue [25] .
Reduced tillage practices are widely adopted by farmers on the Canadian prairies because of the benefits in conserving soil moisture, preventing soil erosion and reducing cost of production [26] . Difference in tillage management may have an impact on pH and nutrient stratification in the soil profile or residue decomposition [27] , and consequently affect availability of Cd and Zn. The effect of tillage management on uptake of Cd and Zn in crops has been investigated in several field studies and the results are inconsistent. Tiller et al. [28] reported a 30% greater Cd concentration in spring wheat grain under direct drilling, compared to reduced tillage. Franzluebbers and Hons [29] reported that soil under a no-tillage system contained greater amounts of extractable Zn than under a conventional tillage system. In some other field studies, however, long-term tillage practices did not consistently influence Cd concentration in soils and crops [25, 30, 31] .
Information on the influence of agricultural management practices on crop yield and on Cd and Zn concentration and accumulation in crops is important in order to select management practices that optimize both crop productivity and quality. Although many studies have evaluated the impact of tillage system, crop sequence and fertilizer practices in the short term, effects of these management practices can persist and have impacts on subsequent crops. For example, P fertilizer not used by a crop in the year of production will remain in the soil and may exert residual effect on the following crop. Effects of tillage may increase over time as changes in soil organic matter and nutrient stratification intensify. However, information on the persistence of management effects on the yield and quality of later crops in a cropping system are limited.
Based on field studies conducted at two locations over a four-year period, yield and concentrations of Cd and Zn of flax were shown to be influenced by tillage system, type of preceding crop and P application to the preceding crop [25, 32] , but information is lacking about whether such effects can persist to influence subsequent crops. Therefore, to address this question, the field study described by Grant et al. [25, 32] was extended for an additional year to determine if preceding crop, P fertilization and tillage system would have a continuing effect on the yield and quality of the durum wheat grown in the third year of the cropping sequence.
Materials and Methods

Experimental Treatment and Cultural Practices.
Field plot experiments were conducted at two different locations near Brandon, Manitoba. Both sites were classified as clay loam, Orthic Black Chernozemic soils. Initial characteristics of the soils are provided in Table 1 [25] . Sampling and determination methods for soil characteristics were also described by Grant et al. [25] . One site (MZTRF) had been under reduced tillage (RT) management for 6 years before the study was initiated, while the second site (BRC North) had been under conventional tillage (CT) management until the establishment of the study. Neither of the soils was industrially contaminated and as such both are representative of soils commonly used for durum wheat production on the Canadian prairies. In the first phase of the 3 yr cycle, either spring wheat (cv. AC Barrie) or canola (cv. G3295) was seeded under CT or RT, with P fertilizer treatments of 0, 11 and 22 kg P ha −1 as monoammonium phosphate (MAP). In the second phase, each plot where wheat or canola had been grown in the preceding season was divided into two subplots. Flax (cv. AC Emerson) was seeded into each subplot, with P fertilizer treatment of 0 or 11 kg P ha −1 . Tillage treatment was kept the same as the preceding season. For the first and second phases, spring wheat, canola, and flax were harvested at maturity with a plot combine and the crop residue was chopped and returned to the plot where it had originated. Details on the cultural practices and sampling are available by Grant et al. [25, 32] .
In the third phase, each subplot where flax had been grown in the preceding season was seeded with durum wheat (cv. AC Avonlea). Ammonium nitrate was banded in all subplots prior to seeding at a rate of 100 kg N ha −1 , adjusted for the amount of N added in the MAP. Each subplot where no P was applied in the preceding season received 11 kg P ha −1 side-banded as MAP, whereas the subplots where 11 kg P ha −1 was applied in the preceding season received no P. This provided a comparison between the effects of P applied in the current season and the residual effects of P applied in the previous year. Again, tillage treatment was continued as in the preceding season. Therefore, as shown in Table 2 , the experimental design was comprised of two tillage system, two crop rotation, and six P fertilizer treatments, for a total of 24 combinations. The 3 yr cycle of spring wheat-flax-durum wheat or canola-flax-durum wheat was repeated three times at each site. This paper reports data on durum wheat over three growing seasons (2001-2003) on two sites, for a total of 6 site-years.
The treatments, with four replicates, were arranged as a randomized complete block, with a split-plot layout for a total of 96 subplots at each location. Main blocks were the two tillage treatments and subplots were 12 combinations of crop rotation and P fertilizer treatments. Tillage blocks were initiated in the first year of the study and continued until the completion of the study. The RT consisted of only fertilizer banding and seeding operations and the CT received two tillage passes in the fall and one pass in the spring with a cultivator equipped with tine harrows. The preceding crops were established on a different area within the tillage blocks each year. Registered herbicides were applied as required and according to recommendations of the Manitoba Guild to Crop Protection. 
Sampling and Analysis.
Prior to seeding of the durum wheat, 0-15 cm depth soil core samples were collected in each plot. Soil samples were air-dried and sieved. Available P was extracted from the soil with 0.5 mol L −1 NaHCO 3 [33] . Cadmium and Zn were extracted using DTPA [34] . Soil pH and EC were determined by a glass electrode using a 1 : 2 soil : water ratio. Concentrations of P and Zn in the extract were measured with an ARL 3410 ICP unit, and Cd on a Varian 300/400 atomic absorption spectrophotometer at a wavelength of 228.8 nm using a graphite furnace with deuterium correction (detection limit 0.01 µg Cd L −1 ). Reliability of the analysis was assessed by including certified soil reference materials and repeated samples in each set of soil extracts. Measured concentrations matched the stated ranges in the standards.
At crop maturity, grain yield of durum wheat was measured by harvesting the center four rows of the plot using a plot combine. Grain was dried at 30
• C to a constant moisture level and the weight recorded for each plot. Grain samples were ground and digested with a boiling acid mixture (HNO 3 + HClO 4 ) for Cd and Zn [35] . The concentrations of Zn in the digest were determined on an ARL 3520 inductively coupled plasma (ICP) and Cd concentrations were determined on a Varian 300/400 atomic absorption spectrophotometer (AAS) at a wavelength of 228.8 nm using a graphite furnace with deuterium correction (detection limit 0.01 µg Cd L −1 ). The reliability of the analysis was assessed by including certified plant reference materials and duplicate samples in each set of digests.
Statistical Analysis.
Analysis of variance (Proc Mixed of SAS) was conducted on data separated by site-year. All interactions among fixed effect variables (tillage, crop rotation and P fertilization) were tested in the models and results showed that all interactions for grain yield and grain concentrations of elements were not significant. Therefore, only main effects of treatments were presented in this study. Means of the treatments were compared using protected least significance difference (LSD) at the 5% level of probability. Relationships between parameters were determined using linear regression analysis. Principal component analysis (PCA) was used to describe relationships among variables and was performed using the correlation matrix method. Loading plots were generated using principal components 1 and 2 as axes, and variables were plotted along the axes. PCA was conducted with Minitab Statistical Software (Minitab 15) and other analyses were performed with SAS program, release 9.1 (SAS Institute Inc., Cary, USA).
Results
Grain Yield.
Grain yield was greater with RT than CT in 3 site-years and less in 1 site-year (Table 3) . Crop rotation and P fertilization, however, had little effect on grain yield. Grain yield was greater when canola-flax rather than wheatflax were the preceding crops in only one of 6 site-years, being BRC-North site in 2002. Differences in grain yield were only observed among P treatments at MZTRF in 2002. There was no significant interaction among the treatments in their effect on grain yield.
Grain Cd Concentration and Accumulation.
Grain Cd concentration ranged from 66.6 to 150.4 µg kg −1 dry weight (56.6 to 127.5 µg kg −1 fresh weight based on approximately 15% water content). Grain Cd was less with RT than CT in 3 site-years and greater in 1 site-year (Table 4) . Accumulation of Cd in the grain was also less with RT in 2 of 6 site-years and greater in 1 site-year. Effects of crop rotation and P fertilizer on grain Cd concentration and accumulation were insignificant in all but one site-year, being MZTRF-2001, where grain Cd concentration and accumulation was greater when following canola-flax than wheat-flax. Accumulation of Cd was increased by P fertilizer only at MZTRF in 2002, and was not affected in other site-years. There was no significant interaction among the treatments in their effect on Cd concentration and accumulation in the grain. 
Grain Zn Concentration and
not affected by tillage management on MZTRF site. Grain Zn concentration and accumulation in durum wheat was higher when following wheat-flax than canola-flax only at MZTRF site in 2003, and was not affected in other siteyears. Application of P fertilizer to either the previous crop or the current durum wheat crop did not affect grain Zn concentration. With increased application rate, however, grain Zn concentration showed a significantly decreasing trend in 2 of 6 site-years. Accumulation of Zn was not affected by P management in any site-years. Similar to Cd, grain Zn concentration and accumulation was not affected by any interactions among the treatments.
Correlation Analysis.
Correlation analysis (Table 6) showed that grain Cd was positively correlated with grain Fe, P, K, Mg, and negatively correlated with grain Mn, Cu, and Ca. A slightly negative but significant relationship was observed between yield and grain Cd (r = −0.135, P < 0.001). Both grain Fe and Zn were highly significantly positively correlated (P < 0.001) with other elements including Mn, P, Ca, K, and Mg and with protein content. Grain Fe, but not Zn, was negatively correlated with grain yield and positively correlated with grain Cd. Grain Fe and Zn were also positively correlated. Grain P was positively correlated with other measured element concentrations and negatively correlated with grain yield. The full dataset used for correlation matrix analysis is presented in Supplementary Table 1 (available online at doi:10.1155/2012/817107).
Grain concentrations of Cd, Zn and P across site-years correlated significantly and positively with their extractable concentrations in soils (Table 6 ). Durum grain Cd was significantly related to soil extractable Cd concentration (r = 0.339, P < 0.001), as well as to soil extractable P concentration (r = 0.309, P < 0.001). Grain concentrations of Zn, Fe, and P, but not Cd, were negatively related with soil pH.
PCA of the dataset across 6 site-years extracted two major principal components, explaining 78% of the total variation in data (Figure 1 ). PC1 explained 54.4% of the variation, and was loaded positively with grain Zn, Mn, P, K, Mg, Fe, and soil P, and negatively with grain yield and soil Cd. PC2 explained 23.6% of the variation, and was loaded positively with grain Ca and negatively with grain Cd and Cu. The PCA showed strong associations between grain protein and grain concentrations of minerals such as Zn, Mn, P, K, Mg, and Fe. In the biplot, the long and outside-scattered distribution of the six site-year vectors indicated that the environments were likely to have a great influence on the measured parameters. Grain Cd concentration was greatest in BRC-2003 and least in MZTRF-2002. In contrast, grain Zn concentration on either site was generally greater in 2001 than in other years. The least grain yield was recorded in BRC-2001 even though the soil had a relatively high P availability. 
Discussion
Grain yield was relatively low at the BRC-North site in 2001 (Table 3 , Figure 1 ), due to adverse weather conditions, but was average for the area in the other site-years. The range of Cd concentrations in durum grain in this study was also within the expected range, being comparable to that reported in our previous studies on the Canadian prairies [31, 36] , and well below the proposed Codex maximum limit in wheat grain [3] . This suggests the durum wheat production in the area is generally safe for human consumption. However, Zn concentrations in the grain were generally less than the biofortification target of 40-60 mg kg −1 , which is required to counteract human Zn deficiency in many parts of the world [37] . Therefore, it is desirable to increase Zn concentration in durum grain, either by genetic improvement or agricultural practices.
Of the factors evaluated, tillage management showed the greatest influence on grain yield, as well as on grain Cd and Zn concentrations and accumulations in durum wheat. Compared to CT, RT significantly increased grain yield and Zn, and decreased grain Cd in half of the site-years (Tables  3, 4 , 5). The decrease in Cd, however, was neither necessarily related to the increase in Zn, nor to the increase in grain yield, as suggested by the nonrelationship or weak relationship among these three variables (Table 6 ). It should be noted that the observed effects of tillage on grain Cd and Zn were not expected because our previous studies suggested that tillage system had very limited influence on either Cd [29] or Zn [38] concentrations in durum grain. Also, in the second phase of the current study where the flax was the tested crop, tillage management also did not exert any consistent effect on flaxseed concentrations of Cd and Zn [25] . It is unclear why there was an effect of tillage in this growing season 6 Applied and Environmental Soil Science but not in the previous seasons. Some studies suggested that tillage management can have an impact on metal availability in soils by its influence on soil properties such as pH, organic carbon content and cation exchange capacity [29, 39] . This assumption, however, is not supported in this study because soil concentrations of extractable Cd and Zn were not consistently affected by tillage management (data not present). Instead, the difference in mycorrhizal association could play a role. Compared to RT, annual soil disturbances produced by CT may reduce mycorrhizal colonization in crops [40] and thus influence root uptake of Cd [41] or Zn [42] . In addition, tillage effects may vary from year to year because of differences in weather conditions. Under prairie conditions, RT tends to have greater benefits under warmer, drier conditions where moisture conservation become important. Similarly, seasonal differences in weather may interact with tillage effects on both root distribution in different soil layers and rate of decomposition of crop residues, to influence metal uptake. While the impact of tillage is not consistent across different studies on the Canadian prairies [25, 31, 32, 36] , the RT practices may be beneficial to farmers in many regions not only because of the benefits in conserving soil moisture, preventing soil erosion and reducing the cost of production [26] , but also for potential improvements in grain yield and grain quality, as has been shown in the current study.
There was no consistent difference in grain yield or grain concentration of Cd or Zn between durum wheat following spring wheat-flax as compared to canola-flax. In contrast, in the second phase of this study, flaxseed following canola had significantly higher Cd concentration and lower Zn concentration than following spring wheat [25] . These results suggest that the impact of spring wheat or canola as a preceding crop was significant only on the following crop, and did not persist to affect the third crop in the sequence. Potential mechanisms explaining preceding crop effect on flax were discussed in Grant et al. [25] , including difference in Cd and Zn content in the crop residue which was returned to the soil after harvest, difference in mycorrhizal association between mycorrhizal spring wheat and nonmycorrhizal canola, as well as difference in root-induced rhizosphere chemical changes between canola and wheat.
In spite of the low initial soil P concentration at the two locations, there was no statistically significant main effect on grain yield from the different amounts or timings of P fertilization through the three-year cropping sequence (Table  3) . However, in 4 of 6 site-years, there was a statistical or numerical advantage from 160 to 250 kg ha −1 of grain yield with application of the P to the durum wheat rather than in the preceding crop at the lowest rate of application (Table  3) , a difference that was significant at the P < 0.02-0.28 rate using contrast analysis (data not present). This differential was much lower or nonexistent when higher amounts of P were applied through the cropping sequence. It appears that if the level of input through the cropping sequence is low, there may be a small yield advantage to providing some P as a starter near the seed row in the current crop. The benefit of the use of starter P diminishes as the P input through the rotation decreases.
In other field studies, that is, in Sweden [43] and in the Canadian prairies [13] , Cd concentration in grain and seed of several crops consistently increased with increasing P application, which was attributed to either the direct addition of the Cd contained in the fertilizer or the indirect effect on soil chemical properties. The MAP used in this study, however, contained only 3.7 mg Cd kg −1 and application of 75 kg fertilizer over 3 growing seasons would add only 278 mg of Cd to the soil per hectare, making it unlikely to have a strong effect on Cd concentration in crop grain. Similarly, in studies in the USA, long-term application of fertilizers containing less than 5 mg Cd kg −1 did not increase Cd concentration in soil and crops [44] . In 2 of 6 site-years, P fertilizer treatment exerted a significant effect on grain Zn concentration, with the trend being that grain Zn decreased with increased application rate over the three growing seasons (Table 5) . Similarly, in the second phase of this study, seed Zn concentration of flax decreased with application of P in half of the site-years [25] . The P-induced inhibition of Zn accumulation is frequently reported and may be related to the P-Zn interaction in soil [14] and depression in mycorrhizal association caused by increased P supply [45] .
The impacts of the agricultural management on grain yield and grain quality were highly unstable. Their performance varied across locations and years. For example, the reduced tillage significantly improved grain yield and grain quality as compared to the conventional tillage in half of the site-years. The effect, however, was absent or even opposite in other site-years. Also, increasing P fertilizer rate decreased grain Zn in 2 site-years, but not in the others. Therefore, the environmental conditions such as location or meteorological factors are important determinants for agronomic and nutrient traits. This assumption is also confirmed by the wide range of the site-year criteria in the PCA biplot (Figure 1) . Still, only one wheat genotype was tested in the current study, neglecting the potential genotype by environment interactions, as been shown in other studies concerning grain Cd [46] and grain Zn [47] . Hence, greater efforts taking care of genotype by environment interactions are needed to produce improved grain quality for human health.
Results of the linear regression and PCA showed grain Zn concentration was correlated positively to other nutrients such as Fe, Mn, P, Ca, K, and Mg, but was not correlated to grain Cd (Table 6, Figure 1 ). The relationships favor the possibility of producing durum grain with moderately high nutrients, while maintaining low concentration of Cd. Also, both grain Zn and Fe concentrations correlated positively with grain protein content. This finding is consistent with other field trials [48] and suggested a possible link between grain protein and the levels of the two micronutrients.
Conclusions
In summary, of the factors evaluated, tillage had the most consistent effect on grain concentrations of Cd and Zn. Compared to CT, RT increased grain yield, grain Zn, and decreased grain Cd in half of the site-years and should therefore be recommended in tested area. The effect of growing wheat rather than canola as a preceding crop on crop yield or trace element concentration did not persist to affect durum wheat grown as the third crop in the sequence. There was evidence of a small impact of starter P on grain yield, but only if the levels of P applied through the cropping sequence were low, indicating that P fertilizer applied in preceding years can remain plant-available, reducing the requirements for P input in following crops. Rate and timing of P application had little effect on grain concentration of Cd, but increasing P rate tended to decrease grain Zn concentration. The linear and multivariate regressions revealed that grain Zn was not related to grain Cd, but was positively correlated with other nutrients such as Fe, Mn, P, Ca, K, and Mg, suggesting the possibility of producing durum grain with moderately high nutrients, while maintaining low concentration of Cd. Grain protein may represent a sink for micronutrients such as Zn and Fe. No interactive effect was detected among tested factors. Results of the study suggest that tillage management can have persistent effects on both grain yield and quality, that impacts of preceding crop do not persist past the first subsequent season and that P fertilizer can remain available for subsequent crops, reducing the response to annual inputs if P levels are maintained at adequate levels throughout the cropping sequence.
